Abstract-In the present paper, the objective of hybrid control is specified and an adaptive hybrid force/motion control approach is proposed. Based on the concept of hybrid control, the task space is decomposed into position and force controlled subspaces. 
I. INTRODUCTION
During the last two decade, the control of robot envi ronment interaction (also known as compliant motion) has emerged as one of the most attractive and fruitful research area in robotic. In all of these applications the position and in teraction force of end-effector manipulator must be controlled simultaneously. The initial investigations in the field were motivated by practical needs for automating complex tasks mainly performed by human, such as assembly, deburring, etc. The control of physical robot interaction is still a challenging research issue, recently addressing the emerging fields of human-robot interaction systems, human augmentations and enhancements, haptic rendering, rehabilitation robotics, etc [1] .
In the hybrid force/position control strategy, either a posi tion or a force is controlled along each task space direction, through the use of proper selection matrices [2, 3] . Considering parametric uncertain robot manipulators, several robust control strategies [4, 5, 6] provide asymptotic motion tracking and an ultimate bounded force error. In addition, Kiguchi [7] [8] accordingly utilize the fuzzy neural networks and variable structure control to compensate the environmental friction.
To deal with uncertainty in system dynamics, an adaptive controller was proposed in [9] where measurement of joint accelerations was used. This requirement was relaxed later in [10] , but the adaptation law was not sensitive to force changing since it did not have force error in its structure. We especially note here that Yoshikawa and Sudou [11] developed a dynamic hybrid position/force control scheme to deal with an unknown constraint. The difficulty for considering an uncertain constraint is that the motion and force control designs are no longer decoupled. In this case, the above developed adaptation law cannot be applied. This led to complex strategies in [12, 13] . In [14] a systematic adaptive control strategy based on the concept of virtual decomposition was introduced to handle a variety of control objectives. An adaptive synchronized control approach was presented in [15] to address the coordination problem when the robots are in contact with a frictionless surface with unknown geometry.
Most robust approaches, [16, 6] , etc., were proposed by utilizing discontinuous control laws, which arise some draw backs. To the best of our knowledge, not many works provide disturbance attenuation for both motion and force tracking based on continuous control laws. For example, Chang and Chen [17] applied the adaptive fuzzy technique to achieve ro bust motion tracking performance for constrained mechanism. Although vast researches of the Hoo control technique [18, 19, 20, 21] have be conducted, all the methods did not deal with a robust performance criterion involving non-dynamical variables like force errors. Consequently, the disturbance at tenuation problem for force error is not trivial.
Considering uncertainty in both environment and robot dynamics, this paper presents presents an adaptive hybrid control which is derived in the parallel control framework.
The main advantage of the proposed controller is requiring no measurement of force derivative or acceleration signal in the adaptation law design comparing to the latest research in the field and the controller is simple in the structure yet. The dynamics and related properties for constrained robot manipulators are addressed in Section (II). In Section (III), an adaptive motion/force tracking problem is formulated, where an adaptive controller is developed. Section (IV) shows a complete stability proof, based on the Lyapunov direct method. Section (V) shows the simulation results for controlling a planar revolute robot in constrained motion. Finally, some conclusions are made in Section (VI).
II. DYNAMICS FORMULATION
The dynamics of a rigid robot manipulator are described in the task space by the equation [9] :
Where x is the (m xl) vector of task variables (usually the end-effector location), Mx is the (m x m ) symmetric inertia matrix, Cxx is the (m xl) vector of Corio lis and centrifugal generalized forces, d x (x, x) is the (m xl) vector of forces generated by joint friction, gx is the (m xl) vector of gravitational generalized forces, u is the (m xl) vector of driving generalized forces, and f is the (m xl) vector of contact generalized forces exerted by the manipulator on the environment; all task space quantities are expressed in a common reference frame.
The (n x 1) vector T of joint-actuating generalized forces can be computed as (2) where q is the (n xl) vector of joint variables and J is the (m x n) manipulator Jacobian matrix.
Two notable properties of the dynamic model (1) can be established [2] :
• There exists a choice of the matrix Mx such that the
is skew-symmetric.
• The dynamic model (1) is linear in terms of a suitable set of dynamic parameters, i.e.,
where Yx (x, x, x) is an (m x p ) regressor matrix and e is a ( p xl) vector of manipulator and load dynamic parameters III. CONTROL DESIGN Consider the following control law u = Mx(x)r + ex(x, x)r + dx(x, x) + 9x(X) -kD(X -r) + f (5) where Mx, ex, dx and 9x are the estimates of Mx, ex, dx and 9x, respectively, f is the measured contact force, r is a (m x 1) reference vector, and Kd is a positive definite matrix.
Using the second property of the dynamic model (4), the control law (5) can be written as u = Yx(x, x, r, r)e -kD(X -r) + f (6) Notice that the matrix ex in (5) must satisfy a property analogous to the skew-symmetry of the matrix in (3). Com bining (1) with (6) gives Mx(x)e+Cx(x,x)e+dx(x,x,e)+kDe = Yx(x,x,r,r)e (7) where dx = d x -dx, e = e -e, and r=x -e r=x -e
On the assumption that d x contains only viscous and static friction, it can be shown that [9] :
Te d x(x, x, e) � 0 (10) To obtain a force/position controller, the error vector e should be properly related to the force and position errors. The parallel control strategy suggests relating the error vector in (8) to both position and force error, without using any selection mechanism [9] . Along the constrained task directions, the conflict between the position and force actions must be managed by imposing dominance of the force action over the position one. It is worth noticing that �x and �f are not independent, since they are constrained by the contact with the environment.
Without loss of generality, the case of m = n = 3 is taken, i.e., only translational motion and force components are considered. The environment is thought of as a frictionless elastic plane. Hence, the model of the contact force takes the simple form f = K(x -xo) (12) where x is the position of the contact point, Xo is a point of the plane at rest, and K is the (3 x 3) constant symmetric stiffness matrix that can be expressed as K = knnT (13) where k is the stiffness coefficient and we assume that it is positive and unknown, but it has a known upper band (kmax). n is the unit vector orthogonal to the contact plane.
These are assumed to be constant. In addition, we assume that the environment has one dimension; consequently, the selection matrix can be written as (14) As a further assumption, it is supposed that the contact between the manipulator and the environment is not lost.
In view of the above consideration and of (12) and (13), the following equilibrium trajectory is obtained:
IV. STABILITY
In order to study the stability of the system (7), (11), (12), and (13) around the equilibrium trajectory (15) , (16) with a proper parameter adaptation law, Su is defined as (17) Then, from above equation Su = (I -nn T )fix + nn T fij (18) In view of (11), Equation (18) can be written in the form (19) where (20) Differentiating (20) with respect to time and taking into account (12), (13) , (16) , and (17) yields
At this point, consider the (7 x l ) state vector
The system described by (7), (19) , and (21) can be written in the standard compact form:
where 0 denotes the (3 x 3) null matrix and 0 the (3 x 1) null vector.
Notice that an equivalent representation of the system (7) 
A 2 2 (28)
in which the skew-symmetry of the matrix NIx -2Cx has been conveniently exploited.
Since the matrix T in (25) is non-singular, and in view of (10), from (28) it follows that 11 is negative semi-definite if
This choice makes V in (27) positive definite. Therefore (27) is a Lyapunov function and the system (23) and (26) By virtue of the state-space transformation given by (25), the result z -7 0 as t -7 00 is equivalent to w -7 0 as t -7 00.
Then from (17) and (19) it follows that x -7 Xe and x -7 Xd as t -7 00; from (21) f -7 fd as t -7 00.
If the dynamic parameters of the manipulator are known, i.e., iJ = e , a stronger result can be stated.
V. SIMULATION RES ULT
In order to get a better insight into the efficiency of the proposed hybrid dynamic position-force control laws in this section we present simulation results of the manipulation robots model with two DOFs (Fig. 1 & 2) . The results shown have been obtained with the Robotics Toolbox (Release 7.1) for MATL AB developed by Corke [22] , which includes the kinematic model of the robot.
We consider a typical robot task in which the robot end effector realizes the desired motion Xd(t) along the x-axis and the required contact force Fd in the y-direction. The environment model defined in the direction perpendicular to the sliding surface (the y-direction in Fig. 1 & 2) is assumed to be in the form of linear elastic. Adopting that q = [ ql q2 ] T, neglecting the joints friction, and using the notation given in Fig. 1 , the system's forward kinematics and its Jacobian are The simulation result for the motion tracking is shown in Fig. 3 . The desired force and constraint force is shown in Fig. 4 . These Figs demonstrate the ability of the proposed hybrid controller. The proposed control system with respect to position and contact force ensures the stable desired motion
Xld of the end-effector on the surface and the desired con tact force hd along the surface normal vector. Besides, the 
